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Fixational eye movements can rapidly shift the retinal image, but typically remain unnoticed. We identify
and simulate a model mechanism for the suppression of erroneous motion signals under fixational eye
movements. This mechanism exploits the non-linearities common to many classes of large retinal gan-
glion cells in the mammalian retina, and negates the need for extra-retinal signals or explicit gaze infor-
mation. When tested using natural images undergoing simulated fixational eye movements, our model
successfully distinguishes ‘‘real world” motion from retinal motion induced by eye movements. In addi-
tion, this model suggests a possible explanation for several fixational eye movement related visual illu-
sions such as the Ouchi–Spillmann and ‘‘Out-of-focus” illusions.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction photoreceptors. These movements are easily large enough to excite
1.1. Fixational eye movements and retinal motion

A constant challenge for the visual system is to resolve a single
stable percept from an often ambiguous or heavily confounded
retinal signal.

This is especially true in the case of motion perception, where
the retinal signal is highly confounded by the self motion of the
observer, and in particular by constant rapid eye movements.
Numerous studies have shown that the human eye is in almost
constant motion, even during periods of attempted fixation, and
indeed, it is known that small eye movements play an essential
role in visual processing (Ahissar & Arieli, 2012). However, such
motions can also have the effect of creating spurious image motion
on the retina, which can be difficult to distinguish from behaviou-
rally relevant real-world motion. Fixational eye movements (FEM),
including drifts, tremors and micro-saccades can rapidly and
unpredictably shift the retinal image across tens or hundreds of
motion-sensitive retinal ganglion cells, and thus evoke a motion
percept (Steinman, Haddad, Skavenski, & Wyman, 1973). The fact
that we perceive the world as remaining stable during fixational
epochs suggests that there must be a mechanism capable of sup-
pressing erroneous motion signals.

In the case of self motion of the head or body, or large visually
guided saccades, it is known that the visual cortex receives input
from the vestibular system, as well as feedback from motor path-
ways containing information about body position and gaze direc-
tion, which can be used to rectify the visual percept with respect
to these motions (Gregory, 1958; Perrone & Krauzlis, 2008). How-
ever, it remains unclear whether such extra-retinal signals are suf-
ficient to stabilise motion percepts in the case of fixational eye
movements (Martinez-Conde, Otero-Millan, & Macknik, 2013).
Furthermore, whereas it is known that visual processing in the cor-
tex is broadly suppressed during visually guided saccades, small
fixational eye movements are believed to be an essential compo-
nent of active vision, making visual suppression during such
movements highly unlikely and undesirable. While recent studies
have provided strong evidence for extra-retinal mechanisms of
micro-saccadic suppression (Hafed & Krauzlis, 2010; Hafed,
2011), it is also known that micro-saccades can enhance activity
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(a) The Ouchi-Spillmann Illusion (b) The Out of Focus illusion

Fig. 1. The Ouchi–Spillmann illusion (left) and Kitaoka’s ‘‘Out of Focus” illusion (right) (Kitaoka, 2001; Ouchi, 1977; Spillmann & Werner, 2012). When viewed from the
correct distance both images produce an illusory jittery motion of the central region relative to the background. In both cases the motion effect depends on the sharp
boundary between areas of high and low spatial frequency, and can be induced by fixational eye movements. The effect is weakened when the viewer makes a concentrated
effort to keep their eyes still, thus reducing the frequency of large eye movements.
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Fig. 2. Left: a 1-D difference of Gaussians spatial filter (Eq. (1)) displaying the well-known ‘‘Mexican Hat” profile. Right: an example bi-phasic temporal filter (Eq. (2)) with
time constants s1 ¼ 5 ms and s2 ¼ 10 ms.
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in early visual cortex (Martinez-Conde, Macknik, & Hubel, 2000;
Meirovithz, Ayzenshtat, Werner-Reiss, Shamir, & Slovin, 2011).
Meanwhile, there is no known suppressive mechanism for motions
due to tremors or linear drift, which can be well above motion
detection thresholds. In addition, it is known that the suppression
of motion percepts due to FEM fails under certain stimulus condi-
tions, suggesting that the suppression mechanism is of retinal ori-
gin (Murakami & Cavanagh, 1998; Otero-Millan, Macknik, &
Martinez-Conde, 2012; Poletti, Listorti, & Rucci, 2010). Therefore,
it is believed that the visual system must be capable of extracting
information about fixational movements from the retinal activity
alone, and thus distinguishing real-world motion from
eye-motion through inference on the statistics of the retinal signal.
This notion is supported by the existence of several visual motion
illusions which appear to be induced by fixational eye movements.
In the case of both the Ouchi–Spillmann illusion, and Kitoaka’s
‘‘Out of focus” illusion, observers perceive transient motion or jitter
within stationary images (Martinez-Conde, 2006; Otero-Millan
et al., 2012). The perception of illusory motion in both cases is
strongly correlated with the frequency of fixational eye move-
ments (Murakami, Kitaoka, & Ashida, 2006). These illusions thus
provide some insight into the mechanism of retinal motion
processing under FEM. Here we propose a model in which motion
contrast is used to distinguish local motion, which is interpreted as



(a) Linear midget cell integration

(b) Non-Linear parasol cell integration

Fig. 3. Schematics of linear (top) and non-linear (bottom) RGC models. The linear cell sums contributions across the entire RF before rectification. In the non-linear model,
individual contributions from sub-fields are rectified before summation.
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real-world motion, from coherent global motion of the retinal
image, such as that induced by eye-movements. It exploits the
non-linear response properties of certain classes of large retinal
ganglion cells which are common in the vertebrate retina. The
model straightforwardly leads to a stabilised motion percept under
simulated FEM and in addition reproduces the illusory motion
effect of the Ouchi illusion and other related motion illusions.

1.2. Models for cancellation of retinal motion

The notion of cancelling retinal motion signals caused by FEM is
not an entirely new one. Numerous studies have addressed the
perceptual effects of FEM, and suggested models which can com-
pensate for visual blurring resulting from constant eye motion. Pit-
kow et al. and Burak et al. present elegant Bayesian decoder
models which can correct for retinal smearing of the image and
allow high acuity visual discrimination, while Ahissar et al. pro-
pose a model in which FEM allow for visual hyperacuity through
a latency coding scheme linked to eye motion (Ahissar & Arieli,
2012; Burak, Rokni, Meister, & Sompolinsky, 2010; Pitkow,
Sompolinsky, & Meister, 2007). However, while such models can
compensate for the blurring due to retinal motion, or indeed incor-
porate motion into a sampling strategy, they do not address the
additional problem posed by FEM, namely that of how to



(a) Spatial frequency response of model midget cell

(b) Model parasol cell spatial frequency response showing Y-
Cell signature. First (red) and second (green) harmonic re-
sponse amplitudes to sinusoidally reversed gratings are plot-
ted as a function of grating spatial frequency. Grating reversal
frequency was 2Hz. At higher spatial frequencies the second
harmonic is dominant.

Fig. 4. Responses of midget and parasol cells to reversing gratings as a function of
grating spatial frequency.

Fig. 5. Responses of midget and parasol cells to grating stimulus under simulated
FEM. The response of midget cells is strongly modulated with the phase of the
grating (Y-axis) as expected from the centre-surround receptive field. By contrast
parasol cells respond in a phase-invariant manner, and display a strong transient
response to large motions such as microsaccades -indicated by red lines.
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distinguish retinal motion from real-world motion. While the
bayesian estimator model allows for the corrected estimation of
object position in retinal coordinates, it cannot determine whether
the motion is that of the object or of the observer, and so does not
distinguish eye motion from real-world target motion.

The question of motion correction has been more directly
addressed by Murakami and Cavanagh (1998). In their experiment,
subjects who had been adapted to a patch of dynamic random
noise reported a coherent jitter effect when viewing static stimuli,
believed to be directly linked to FEM. They provide compelling evi-
dence that the visual system employs some method of differential
motion processing based on purely retinal signals, and propose a
model in which the estimated eye motion is subtracted from the
retinal motion signal. Murakami subsequently found that horizon-
tal and vertical motion thresholds correlate with FEM velocity
(Murakami, 2004), providing further evidence for the hypothesis
of differential motion processing. However, as reported by Tong
et al., this does not hold true for torsional eye movements (Tong,
Lien, Cisarik, & Bedell, 2008). In addition, while offering an expla-
nation of their own results, the subtractive model of Murakami
and Cavanagh does not explain static motion illusions such as
the Ouchi illusion, which produce similar jitter effects without
the need for adaptation. Indeed, within this framework, Murakami
et al. present evidence of illusory motion effects attributable to
FEM which are not explained by this model (Murakami et al.,
2006).

The model proposed here differs from that of Murakami in sev-
eral ways. In particular, our model does not require the computa-
tion of a retinal velocity, but rather cancels motion signals locally
within sub-regions of the retina. This cancellation mechanism
arises naturally from the non-linearity of parasol retinal ganglion
cells, and allows invariance to be achieved more rapidly, and at
lower cost than other methods which rely on lateral interactions
between motion detecting units. In addition, this model depends
explicitly on the spatial frequency response properties of retinal
cells, and thus predicts the failure of the motion cancellation in
the case of certain images with non-uniform spatial frequency
statistics, such as seen in the Ouchi illusion.
1.3. Non-linear retinal ganglion cells

Classical models of retinal coding describe the stimulus
response of retinal ganglion cells (RGCs) in terms of the linear
receptive field (Enroth-Cugell & Robson, 1966; Enroth-Cugell,
Robson, Schweitzer-Tong, & Watson, 1983; Kuffler et al., 1953;
Rodieck, 1965). In this context, the Receptive Field (RF), represents
the stimulus to which the neuron in question is expected to
respond most strongly. Equivalently, the RF can be used to predict
neuronal firing, and is defined as the linear filter which, when



Fig. 6. Schematic of motion detection and cancellation circuit. Motion is computed
locally by a population of motion detector circuits, each with distinct direction and
velocity tuning. The detected motion vector is determined by a weighted sum over
the motion vectors associated with each detector. This motion signal is then gated
by the output of a wide-RF global motion detector, which detects population
responses in the parasol cell population.

Fig. 7. Membrane potential of a motion threshold neuron. Green pulses indicate
arrival time of incoming action potentials. The cell requires a minimum number of
near co-incident spikes to exceed threshold. Threshold units are tuned so that on
average 50% of afferent parasol cells must fire within a 10 ms window to reach
threshold.
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convolved with the stimulus, gives the best firing rate prediction.
In the case of RGCs, the spatial component of the RF commonly
takes the form of the well-known centre-surround filter, consisting
of concentric and opponent centre and surround regions. Cells can
be classified as either On-type (with bright centre and darker sur-
round) or Off-type (dark centre, bright surround).

In signal processing terms, this structure has a simple func-
tional interpretation as a contrast-enhancing filter, which reduces
spatial redundancy in the signal, leading to the common assump-
tion that the role of centre-surround RGCs is simply to encode spa-
tial contrast for visual scenes, with On- and Off- types respectively
encoding positive and negative contrasts (Marr & Hildreth, 1980;
Wilson & Giese, 1977).

However, there exists a large class of centre-surround RGCs,
such as the Y-Cells of the cat, or parasol cells of the macaque retina,
which display complex responses that cannot be explained by the
linear receptive field model. These include transient responses to
motion and saccades, as well as phase invariant responses to grat-
ing stimuli (Baccus, Ölveczky, Manu, & Meister, 2008; Bölinger &
Gollisch, 2012; Enroth-Cugell & Robson, 1966; Gollisch &
Meister, 2010; Hochstein & Shapley, 1976b; Kremers, Lee,
Pokorny, & Smith, 1993; Münch et al., 2009). Here we employ a
model of RGC processing which explains these non-linear effects
as the result of summation over independent sub-fields in the RF
(Lee, Kremers, & Yeh, 1998; Victor, Shapley, & Knight, 1977). An
interesting consequence of these non-linearities is that such cells,
despite having On- or Off- receptive fields, can in fact display both
On- and Off- responses to onset of natural image or grating stimuli,
invariant to the local phase of the stimulus. This is closely related
to the frequency doubling effect, characteristic of Y-type cells,
which display a second harmonic or frequency-doubled response
to periodically changing stimuli (Hochstein & Shapley, 1976a;
Shapley & Perry, 1986; Victor & Shapley, 1979). As a result, such
cells may display an invariant transient response to stimulus
motion. We show here that this property can easily lead to a
saccade-detection mechanism, whereby the simultaneous activity
of a population of such cells signals a global motion of the image.

1.4. Ouchi illusion and Kitoaka’s ‘‘Out of focus” illusion

The Ouchi illusion (Ouchi, 1977; Spillmann & Werner, 2012) is
perhaps the best know example of an illusory motion effect which
can be induced by fixational eye movements. The image consists of
centre and surround regions containing two orthogonally oriented
rectangular chequerboard patterns (see Fig. 1). The illusion takes
the form of a perceived sliding or jittering of the central region
with respect to the background. Numerous studies have charac-
terised the illusory motion as resulting from the aperture problem
of local motion estimation (Ashida, Kitaoka, & Sakurai, 2005;
Fermüller, Pless, & Aloimonos, 2000; Hine, Cook, & Rogers, 1997),
created by the juxtaposition of grating patterns of differing orien-
tation. However, while such models can correctly predict the direc-
tion of perceived motion in the Ouchi illusion, they provided little
insight into why such motion signals are not suppressed when
resulting from FEM. Furthermore, the closely related ‘‘out of focus”
illusion produces a similar illusory motion percept without con-
taining any such orientation structure (Kitaoka, 2001). This illusion
consists of a low frequency sinusoidal grating pattern surrounded
by a square-wave chequerboard, and can be considered as a gener-
alisation of the Ouchi illusion, with a degree of rotational symme-
try. The effects of these two stimuli constitute failures of the
mechanism for motion cancellation with respect to fixational eye
movements, and as such, a valid model for invariant image pro-
cessing in the human visual system should also reproduce these
effects. We show that these effects arise in our model, resulting
from the spatial-frequency contrast at the border between centre
and surround regions.
2. Methods and models

We employ here a simple model of RGC integration, in which
both the linear response of midget cells and the non-linear
response of parasol cells can arise from a centre-surround spatial
filtering, as shown in Fig. 2. The model assumes a one-to-one cor-
respondence between photoreceptors, bipolar cells and midget
ganglion cells, which is typical of the primate fovea. Thus the width



-80

-70

-60

-50

-40

-30

-20

-10

 0

 0  2000  4000  6000  8000  10000

Es
tim

at
ed

 T
ar

ge
t P

os
iti

on
 (d

eg
)

Time(s)

Object Position
Position on Retina

Model Estimate

(a)

(b)

0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6 7 8 9  10

P
os

iti
on

 E
st

im
at

e 
E

rr
or

 (
de

g)

Time(s)

With compensation
Without compensation

Fig. 8. Top: estimate of object position from retinal motion compared to estimate from invariant motion detector. Bottom: position estimation errors for motion detectors,
with and without cancellation of global motion.
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of the midget cell RF centre is determined by the photoreceptor
spacing, which is fixed at a value of 0.5 arcmin.

By contrast, parasol receptive fields are divided into indepen-
dent sub-fields, corresponding to individual bipolar cells within
the RF of the cell (Lee et al., 1998). The spatial components of these
sub-field RFs, when combined, give the standard centre-surround
structure. However, when convolved with the stimulus the signal
contributed by each sub-field is independently rectified before
summation, giving a strictly non-negative contribution from each
sub-field. This model can qualitatively reproduce many of the com-
plex non-linear behaviours characteristic of parasol or Y-type cells
in mammalian retina.
2.1. Linear and non-linear RGCs

In keeping with classical models of the retina, we define the
spatial component of the RF as a Difference of Gaussians (DoG)
(Wilson & Giese, 1977):

UðxÞ ¼ exp
ðx�x0 Þ2

2r2 � aexp
ðx�x0 Þ2
2b2r2 ð1Þ

where the centre to surround ratios of height and width are con-
trolled by the scaling factors a and b.

This filter, which is commonly used in image processing as an
edge-enhancing or redundancy reduction filter, has an intuitive



(a) (b) (c)

(d) (e) (f)
Fig. 9. Example stimuli used in simulation of ‘‘Out of focus” illusion. Centre region pattern is generated as the outer product of orthogonally oriented sinusoids, with matching
spatial frequencies. Surround is a random chequer pattern with check size of 3 arcmin, corresponding to a fundamental frequency of 10 cyc/deg. Centre spatial frequencies
were varied in the range from 0.5–10 cyc/deg.
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interpretation in the retina as the summation of inputs from oppo-
nent excitatory and inhibitory channels, mediated by the underly-
ing bipolar and amacrine cell circuitry.

Similarly, the temporal component of the receptive field is
described by the difference of two independent temporal filters.
Each of these two filters is itself the sum of two transient compo-
nents of opposite sign. This results in a typical bi-phasic filter
shape, defined by the time constants s1 and s2 and scaling param-
eter p, which can be interpreted as a temporal contrast enhancer
(Pillow et al., 2008).

f ðtÞ ¼ t3

s41
exp�t=s1 � p

t3

s42
exp�t=s2 ð2Þ

By associating each of these two temporal filters with one com-
ponent of the spatial DoG filter, we obtain a rank-2 spatio-
temporal filter, in which each spatial component is modulated by
an independent temporal component. Thus, mathematically the
RF has the form of a sum of two outer products.

Assuming a locally constant Receptive Field size imposed by the
photoreceptor spacing of 0.5 arcmin, this allows us to describe the
RF using only eight parameters: two spatial scaling parameters,
which define the relative height and standard deviation of the
Gaussian components, and the six temporal parameters which
define the two bi-phasic filters. The resulting filter can then be con-
volved with the stimulus and the output rectified to give a predic-
tion of the membrane potential or firing rate for linear midget cells.

Our model of parasol-type cells as shown in Fig. 3 involves a
modification to the linear model, in which the RF is divided into
independent sub-fields, which are individually rectified
(Hochstein & Shapley, 1976b; Takeshita & Gollisch, 2014; Victor
et al., 1977). While foveal midget cells generally have only one
bipolar cell in their receptive field centre, parasol cells are known
to have significantly larger RFs, and thus receive input from many
more bipolar cells (Dacey & Petersen, 1992). Hence, each
photoreceptor-bipolar cell pairing in the receptive field can be con-
sidered as an independent sub-unit, which implements its own
rectifying non-linearity. Thus the activity of each sub-unit is the
rectified weighted sum of two bi-phasic temporal components,
where the weighting of these components is determined from
the Gaussians of the parasol cell spatial RF. The RF centre and sur-
round are set to be 4 times larger than those of our linear cells, giv-
ing an RF centre width of 2 arcmin.

This relatively simple model can explain a number of qualita-
tive effects observed in mammalian retina.
2.2. Harmonic response to sinusoidal gratings

RGCs are commonly characterised by their response to periodi-
cally varying stimuli. When driven by a sinusoidally reversed grat-
ing, the firing rate of linear RGCs is phase-locked to the reversal
frequency of the grating. This behaviour is easily captured by the lin-
ear RF model. By contrast, many non-linear cell types, including
parasol cells, respond not just at the fundamental frequency, but,
for gratings of high spatial frequency, also display a strong response
at the second harmonic of the reversal frequency (Crook et al., 2008;
Hochstein & Shapley, 1976a; Shapley & Perry, 1986).



Fig. 10. Illusory motion in the ‘‘out of focus” illusion. High spatial frequencies in the
surround drive parasol cell responses under FEM, while low spatial frequency
centre does not. As a result the motion signal is non-global in the region of the
boundary, producing a net motion signal.
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This phenomenon, first observed in the Y-Cell of the cat retina
(Hochstein & Shapley, 1976b), is well captured by our non-linear
model.

Fig. 4 shows the fundamental and second harmonic components
of the firing rate of our model cells as a function of the spatial
frequencyof the stimulusgratings.Midget cells shownosecondhar-
monic response. parasol cells respond with significant components
at both fundamental and second harmonic frequencies. For high
spatial frequencies, the second harmonic dominates. Notably, the
parasol second harmonic curve closely resembles the first harmonic
response seen inmidget cells. In addition, the peaks of the two para-
sol cell curves occur at spatial frequencies differing by a factor of 4,
corresponding to the scaling between parasol cell and sub-field RF.

This suggests an intuitive interpretation of this effect, whereby
stimuli containing high spatial frequencies independently excite
sub-fields within the parasol cell RF, leading to a frequency dou-
bled response.
2.3. Phase invariance and response to saccades

The intuitive interpretation of the centre-surround RGC filter
suggests that centre-surround cells should respond most strongly
to regions of high spatial contrast or edges within the stimulus
image. This is found to be generally true of midget cells, and when
stimulated with periodic gratings, the response of midget cells is
found to depend strongly on the relative phase of the grating with
respect to theRF.The same isnot trueofparasol cells,whichareoften
observed to respond strongly to such gratings irrespective of the
stimulus phase (Crook et al., 2008). This phase invariant property
is reproducedbyourmodelparasol cells, and leads toa characteristic
population response to simulatedmicrosaccades, as shown in Fig. 5.

This characteristic of parasol cells is easily explained as a conse-
quence of the non-linear integration performed in our model.
While linear RGCs respond to both spatial and temporal contrast
across the entire RF, the individual sub-fields on the parasol RF
respond only to local temporal contrast. Since sub-field contribu-
tions are rectified before summation, centre and surround activa-
tions do not cancel out. Thus parasol cells can respond strongly
to time varying stimuli, even in the absence of spatial contrast.
3. Motion detection and cancellation circuits

Motion detection is a primary task of the visual system, and
numerous studies have found motion-sensitive neurons at all
levels of the early visual system. However, whereas direction-
selective cells are commonly found in the retinae of amphibians
and some small mammals (Barlow, Hill, & Levick, 1964;
Ölveczky, Baccus, & Meister, 2003; Vaney, He, Taylor, & Levick,
2001), they are rarely reported in the primate or human retina.
Thus, here we assume that the estimation of motion direction
and velocity occurs not in the retina itself, but in higher visual
areas receiving topographic input from the retina.

The Reichardt–Hassenstein detector (Hassenstein & Reichardt,
1956; Reichardt, 1961) is a well known model of neural motion
detection. The detector consists of a small local network in which
an output cell detects a temporally delayed correlation in the activ-
ity of two nearby ganglion cells. Thus the detector is selective to
local motion with a certain velocity and direction, determined by
the delay and relative position of the ganglion cells respectively.
Here the local motion on the retina is computed by performing a
vector sum over the activity of a local population of such detectors.
The motion vector contributed by each detector is determined by
its velocity and direction tuning, with its weight given by the
instantaneous firing rate. A detailed description of the Reichardt–
Hassenstein detector and related methods of motion detection
can be found in Reichardt (1987). However, for our purposes the
details of the motion detection circuitry are not important. It is suf-
ficient to assume a mechanism whereby a local motion vector may
be computed within each region of the visual field based purely on
retinal motion. The task then remains to distinguish true motion
signals from false alarms caused by FEM.

The strong transient response of parasol cells to simulated eye-
movements suggests a simple retinal mechanism whereby local
image motion can be distinguished from apparent global motion
induced by eye movements. In this system, illustrated in Figs. 6
and 11, the retinal motion signal within a region of the visual field
is computed locally by a population of Reichardt-like motion
detectors. This signal is then gated by the output of a non-linear
thresholding neuron, which receives input from the parasol RGC
population. If the threshold of this cell is set such that it fires only
in response to a critical number of nearly coincident spikes, its fir-
ing will indicate coherent motion within its receptive field (see
Fig. 7). We simulate a population of such cells tiling the retina, with
a receptive field width of 10 arcmin, corresponding to 5 parasol RF
centre widths, where each cell gates the activity of the motion
detector circuit within its own RF. As a result, motion signals
should be suppressed except where the RF of the threshold neuron



Fig. 11. Top: network model for motion detection and cancellation circuit. Bottom: network response to the ‘‘Out of focus” image undergoing a single simulated eye
movement. The plot shows a small cross section of the activity of three local populations within the retina, each of which feeds forward to a local motion detection layer. The
output of the motion detectors is gated by the activity of the global motion threshold unit in each population. Activities of parasol cells and motion detectors are plotted as
spike rasters, while computed motion vectors are represented by vertical arrows. For simplicity, only a small cross section of the network is shown, and only the vertical
component of motion is plotted. The image undergoes a simulated rapid eye movement of amplitude 5 arcmin in the vertical direction. This motion elicits strong responses in
parasol cells whose RFs lie in the high frequency region of the image, but little or no activity in those within the low-frequency region. Motion vectors corresponding to high
frequency regions are subsequently suppressed due to the activity of the global motion unit. Only motion vectors generated in the border region are preserved.

166 G. Greene et al. / Vision Research 118 (2016) 158–170
lies across the boundary between moving and stationary regions of
the visual scene. In the case of uniform motion throughout the
visual scene, motion signals will be suppressed entirely.

Thus the local motion vector, MðtÞ computed by this circuit can
be approximated as

MðtÞ ’
X
i

viaiðtÞ
 !

1�H
X
j

rjðtÞ
 ! !

ð3Þ

where the vectors vi and ai are the motion vectors and activities
associated with the Reichardt detectors, rj are the activities of the
parasol cells, and HðÞ is the threshold function, which equals 1
when the threshold is exceeded, and 0 otherwise.

4. Results

4.1. Invariant motion detector model

As a result of the non-linear summation of their spatial RFs, our
model parasol cells display a fast, transient, phase-invariant
response to saccadic stimulus motion. These cells respond strongly
to stimulus changes within their RF, largely independently of



 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  1  2  3  4  5  6  7  8  9  10

D
et

ec
te

d 
m

ot
io

n 
si

gn
al

 (d
eg

/s
)

Centre spatial frequency (cyc/deg)

(a)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  2  4  6  8  10  12  14  16  18  20

D
et

ec
te

d 
m

ot
io

n 
si

gn
al

 (d
eg

/s
)

Chequer length/breadth

(b)
Fig. 12. Left: detected motion signal produced by FEM as a function of centre spatial frequency in the ‘‘Out of focus” illusion. At lower spatial frequencies the motion
cancellation mechanism fails, leaving a net motion percept. When centre spatial frequency matches the fundamental frequency of the surround, the motion signal is almost
entirely cancelled out. Right:motion signal produced by FEM in the Ouchi illusion. The net motion signal appears at high values of the length-to-breadth ratio, corresponding
to higher contrast in spatial frequencies along orthogonal directions.
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spatial phase or scale. As a result, the population response of para-
sol ganglion cells can provide a retinal signal for coherent global
motion.

We test this model’s ability to track the position of a visual
object moving against a background of natural scenes in the pres-
ence of simulated fixational eye movements. The stimulus consists
of an object, extracted from a natural scene, moving against a back-
ground taken from the same natural image. Image resolution was
chosen to give a pixel size five times smaller than the receptive
field of a photoreceptor in our model. The entire visual scene,
including both target and background underwent continual motion
to simulate fixational eye movements, consisting of slow linear
drift, Gaussian tremors, and ballistic microsaccades. Saccade
amplitude and velocity are drawn at random from the ‘‘main
sequence” of microsaccades (Bahill, Clark, & Stark, 1975; Otero-
Millan, Troncoso, Macknik, Serrano-Pedraza, & Martinez-Conde,
2008), with amplitudes in the range 0.1–1 deg. Given a fixed start-
ing point, real world object position is estimated by integrating the
output of the motion detector circuit. Fig. 8(a) below shows the
object position as estimated by motion on the retina alone (green),
as well as the estimate obtained by suppression of global motion
signals (blue). Fig. 8(b) shows the error in position estimates in
both cases. Our motion cancellation model gives a much improved
estimate of object position.

4.2. Prediction of illusory jitter in the Ouchi and Out-of-focus illusions

An intriguing consequence of the motion-cancellation model
proposed here is that the suppression of eye-motion percepts
may fail under certain conditions of spatial frequency contrast –
the same conditions under which the illusory motion of the Ouchi
and Out-of-focus illusions is observed. An implicit assumption in
our model is that natural scenes are scale-invariant. That is to
say, they contain visual information at all spatial frequencies,

according to the familiar 1=f 2 power spectrum (van der Schaaf &
van Hateren, 1996). Thus it is assumed that, following an eye
movement, the new target region contains sufficient contrast at
the appropriate spatial scale to produce a population response in
the non-linear cells. While robust under normal viewing
conditions, this mechanism may fail when presented with stimuli
having narrow-band spatial frequency spectra. Specifically, the
system may fail when presented with a stimulus in which a region
containing little or no high frequency content directly borders a
region of high spatial frequencies.

This effect is illustrated in Fig. 10: at an appropriate spatial scale
the high frequencies of the square-wave surround in the ‘‘out of
focus” illusion strongly drive the second harmonic response of
the non-linear cells, while the low frequency centre does not.
Hence, eye movements which trigger a motion response in gan-
glion cells in the high frequency region may not produce a
response in neighbouring cells whose RFs lie across the boundary
in the low frequency region. Thus a global motion may produce a
purely local motion signal in the region of the boundary.

In the case of the Ouchi illusion, the chequerboard pattern con-
tains high spatial frequencies in one direction, and low spatial fre-
quencies in the orthogonal direction, leading to an abrupt change
in spatial frequency when crossing the centre-surround boundary
in either the vertical or horizontal direction. In the case of the
out-of-focus illusion, this transition from low to high spatial fre-
quency occurs at all points on the boundary, independent of
orientation.

We test our model’s response to these images under simulated
FEM as a function of the spatial frequency (see Fig. 9). In the Ouchi
illusion, the spatial frequency is varied by changing the ratio of
length to breadth in the chequer, with a value of 1 corresponding
to a square grid. In both cases, the high frequency square wave
component in the surround is fixed to a fundamental frequency
of 10 cyc/deg. Simulated fixational eye movements consist of
microsaccades, with mean inter-saccadic interval of 300 ms, and
mean amplitude of 0.5 deg, combined with slow drift (velocity
0.3 deg/s) and Gaussian tremor, to give a mean integrated motion
of 2 deg/s.

Fig. 12 shows the net motion signal produced by these images
as a function of centre spatial frequency. The net motion signal is
computed by integrating the motion detector output over the
duration of the simulation, with a value of 2 deg/s corresponding
to complete failure of the cancellation mechanism, and 0 deg/s to
a complete cancellation of the retinal motion. In both cases our
model predicts a strong net motion signal under FEM for spatial
frequencies in the range from 0.2–3 cyc/deg. This agrees well with
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the psychophysical results of Spillmann (2013) and Khang and
Essock (1996), who report that the Ouchi illusion is strongest for
frequencies of 0.5–2.5 cyc/deg, and 1–1.5 cyc/deg respectively.
The motion signal is progressively suppressed at higher spatial fre-
quencies, leading to near complete cancellation where the centre
frequency matches the surround frequency of 10 cyc/deg.
5. Discussion

The questions of whether and how retinal motion signals can be
corrected for errors due to FEM have been discussed for some time.
While early theories suggested that stabilisation under FEM was
either unnecessary, or dependant on explicit eye-motion informa-
tion, in the form of efference copy or corollary discharge signals,
recent studies have supplied compelling evidence that motion cor-
rection with respect to FEM is both necessary and a result of purely
retinal mechanisms. In addition to the many examples of illusory
motion effects consistent with purely retinal mechanisms
(Murakami & Cavanagh, 1998; Murakami et al., 2006; Spillmann,
2013), several experiments have ruled out extra-retinal correction,
and provided strong evidence that the human visual system pri-
marily encodes differential motion, rather than retinal motion:
Murakami (2004) found a correlation between fixational instability
and motion detection thresholds, while also demonstrating that
thresholds are lowered by the presence of a visual surround, pro-
viding a reference frame for differential motion. Subsequently,
Poletti et al. (2010) performed an elegant experiment in which
the visual scene was stabilised on the retina using a gaze-
contingent display. They demonstrated conclusively that motion
detection is dependent on differential motion within the scene,
and not on absolute retinal motion. In particular, they showed that
a moving stimulus may appear stationary, even while being
tracked by eye movements.

The nature of the retinal motion cancellation, however, remains
unclear. One candidate mechanism is suggested by Ölveczky et al.
(2003) and Baccus et al. (2008) who have identified object motion
sensitive (OMS) ganglion cells in the retinae of salamander and
rabbit which are selective for relative motion between RF centre
and surround. Unlike the rabbit, however, the primate retina con-
tains relatively few motion sensitive cells (Bach & Hoffmann,
2000), making such a mechanism seem impractical in human
vision. Indeed, given the relative lack of specialisation in primate
RGCs, and the observation that human motion processing takes
place at the level of the cortex, we suggest that mechanisms which
make use of established retinal pathways are more viable candi-
dates for human motion cancellation. In addition, Spillmann
(2013) notes that the spatial frequency dependence of the Ouchi
illusion, and other related motion effects suggests a magnocellular
origin for such a mechanism.

The model we have presented here employs a principle similar
to that of the OMS cells in salamander retina, using local motion
contrast to distinguish object motion from retinal motion. How-
ever, our model relies solely on properties of magnocellular-
projecting RGCs which are ubiquitous in primate retina, and does
not require the existence of specialised retinal circuitry which
has yet to be identified in primates.

A consequence of this difference is that both motion detection
and cancellation in our model occur at later stages in the visual
pathway. For example, FEM may drive increased activity in early
cortical areas such as V1, which is subsequently suppressed in
higher motion-specific areas. As a result FEM may be expected to
elicit enhancement of activity in direction selective cells in primary
cortex, while simultaneously leading to suppression in down-
stream motion sensitive cells. This is in keeping with the results
of Herrington et al. (2009), who reported that microsaccades sup-
press activity in macaque area MT and other dorsal stream areas
during motion detection tasks. Indeed, Martinez-Conde et al. offer
a summary of the effects of microsaccades on cortical activity
(Martinez-Conde et al., 2013), which demonstrates how FEM may
induce suppression of neural activity in the motion-processing
dorsal stream (Bair & O’Keefe, 1998; Herrington et al., 2009) while
at the same time leading often to enhancement in V1, V2 and ven-
tral areas. This view is consistent with that proposed in our model,
where activity is increased in the first layer of the motion detector
circuit, but suppressed in the higher FEM-invariant motion-
sensitive cells, which may be considered roughly analogous to
MT or higher dorsal stream areas.

Furthermore, unlike the proposal of Murakami and Cavanagh,
our model does not require any complicated lateral interactions,
or any global velocity estimate in order to cancel spurious motion
signals. Indeed, while it is possible to imagine any number of
mechanisms which might achieve motion correction through lat-
eral connections at the cortical level, perhaps taking advantage of
the phase invariance of complex cells, it is worth noting that the
information necessary to weed out erroneous motion signals is
already present in the earliest stages of visual processing. This is
shown explicitly in Fig. 11, where both local and global motion is
computed directly from retinal signals in the second layer of the
network, which receives direct input from the magnocellular-
projecting retinal pathway, thus allowing the subsequent cortical
layers of the network to achieve gaze-invariance. A distinct advan-
tage of the model proposed here over possible models involving
cortical interactions is that in this case the cancellation mechanism
arises ‘‘for free” as a result of the spatial frequency response prop-
erties of parasol cells without the requirement of additional
circuitry.

It must, however, be noted that this model does not describe a
complete framework for invariant motion processing. While our
model allows for the generation of purely local motion vectors
and thus for the identification of local motion boundaries, complex
processes of object separation and binding would also be required
in order to correctly determine what is moving relative to what.
The problem of figure-ground segregation is the subject of active
research fields in its own right, with several candidate mechanisms
including coding of border ownership through lateral interactions
in V2 (Zhou, Friedman, & von der Heydt, 2000; Zwickel,
Wachtler, & Eckhorn, 2007), while the perennial ‘‘Binding Problem”
(von der Malsburg, 1994) has been a central theme of visual
research since it was first posed in the 1980s. We make no claim
to address such questions here. Instead, we have simply assumed
that such mechanisms, since they seem necessary, must exist,
and confined ourselves to a discussion of how motion signals
may be computed and erroneous signals suppressed based on reti-
nal information. As such, our results apply only to the processing of
motion signals in general, rather than to the motion of specific
objects.

Despite this limitation, and in contrast to other published
hypotheses, our model offers an insight into two commonly
observed visual illusions. The Ouchi illusion has been widely dis-
cussed as an example of the aperture problem in local motion esti-
mation, resulting from the presence of oriented gratings. This is
perhaps a result of the fact that the illusion is often observed fol-
lowing directed eye movements, which bias the direction of
expected retinal motion. However, it is often overlooked that the
illusion can also be observed, albeit less strongly, during attempted
fixation. Furthermore, the ‘‘out of focus” illusion produces a simi-
lar, and in fact stronger motion effect during fixation, without con-
taining the orthogonally oriented gratings of the Ouchi illusion.
Indeed, it seems likely that there are in fact two effects visible in
the Ouchi illusion; one, triggered by directed eye movements
which results from the aperture problem, and a second, triggered
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by fixational eye movements, resulting from the failure of the
motion cancellation circuit. This second effect is best exemplified
by the ‘‘out of focus” image, which in this context can be consid-
ered a rotation invariant version of the Ouchi image, and thus pro-
duces a stronger effect, since the illusory motion is largely
independent of the direction of eye motion. It is instructive to note
that psychophysical studies of the Ouchi illusion have reported a
strong spatial frequency dependence matching that predicted by
our model (Khang & Essock, 1996; Spillmann, 2013), and corre-
sponding closely to the RF width of foveal parasol ganglion cells.
This observation further supports the suggestion that the mecha-
nism of motion cancellation is of retinal, rather than cortical origin.

A further interesting consequence of our model of motion
encoding is the prediction that, in the absence of any fixed refer-
ence point or other sensory input, a uniform and coherent motion
of the entire visual scene should not produce any motion percept.
While this may seem surprising at first, it is important to note that
such purely uniform motion rarely if ever occurs under natural
viewing conditions, and where it does occur, it is usually accompa-
nied by vestibular motion information.
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